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ABSTRACT
Drift pairs are an unusual and puzzling type of fine structure sometimes observed in dynamic spectra of solar radio emission. They
appear as two identical short narrowband drifting stripes separated in time; both positive and negative frequency drifts are observed.
Currently, due to the lack of imaging observations, there is no satisfactory explanation for this phenomenon. Using the Low Frequency
Array (LOFAR), we report unique observations of a cluster of drift pair bursts in the frequency range of 30 − 70 MHz made on 12
July 2017. Spectral imaging capabilities of the instrument have allowed us for the first time to resolve the temporal and frequency
evolution of the source locations and sizes at a fixed frequency and along the drifting pair components. Sources of two components of
a drift pair have been imaged and found to propagate in the same direction along nearly the same trajectories. Motion of the second
component source is seen to be delayed in time with respect to that of the first one. The source trajectories can be complicated and
non-radial; positive and negative frequency drifts correspond to opposite propagation directions. The drift pair bursts with positive
and negative frequency drifts, as well as the associated broadband type-III-like bursts, are produced in the same regions. The visible
source velocities are variable from zero to a few 104 (up to ∼ 105) km s−1, which often exceeds the velocities inferred from the drift
rate (∼ 104 km s−1). The visible source sizes are of about 10′ − 18′; they are more compact than typical type III sources at the same
frequencies. The existing models of drift pair bursts cannot adequately explain the observed features. We discuss the key issues that
need to be addressed, and in particular the anisotropic scattering of the radio waves. The broadband bursts observed simultaneously
with the drift pairs differ in some aspects from common type III bursts and may represent a separate type of emission.
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1. Introduction
Drift pair bursts (DPBs) were identified as a separate class of
fine structures in the dynamic spectra of solar radio emission
by Roberts (1958). They occur at low frequencies (∼ 10 − 100
MHz) and appear as two parallel frequency-driftingnarrow-band
stripes separated in time. The drift rates are typically of about
2 − 8 MHz s−1, that is, they are intermediate between the drift
rates of type II and type III bursts at the same frequencies; both
positive and negative frequency drifts are observed. The delay of
the second component is typically of about 1 − 2 s. The DPBs
are often associated with storms of type III bursts.
The most enigmatic characteristic of DPBs is that in con-
trast to other multi-stripe bursts (e.g., type II bursts and ze-
bra patterns), their components are shifted in time rather
than in frequency – the second component of a pair looks
like a repetition of the first one (although sometimes with a
slightly different intensity), while the frequency shift is ab-
sent or very small (Ellis 1969; de La Noe & Moller Pedersen
1971; Moller-Pedersen et al. 1978; Melrose 1982; Melnik et al.
2005). The polarization degree varies from very low to ∼ 50%;
the higher-frequency component (i.e., the first component of
the pairs with positive frequency drift and the second compo-
nent of the pairs with negative frequency drift) generally has
a higher polarization degree (Suzuki & Gary 1979; Dulk et al.
1984). Sometimes, unusual variations of DPBs are observed,
such as the so-called hooks and structures with a third compo-
nent (Ellis 1969; Melnik et al. 2005).
The only published study of source positions and sizes of
DPBs is by Suzuki & Gary (1979), who managed to determine
positions for both pair components in three instances, using the
Culgoora radioheliograph. These observations suggested that the
source positions of two components of a pair coincided (within
the instrument beam half-width of ∼ 4′). We note, however,
that these observations were performed at a single frequency (43
MHz), and with 3 s time cadence, which is evidently insufficient
to resolve the dynamics of DPBs with typical time separations of
. 2 s. The origin of the DPBs remains unclear; among a number
of proposed theoretical models (see, e.g., the reviews and dis-
cussions in the papers of Melrose 1982; Melnik et al. 2005), no
single model can adequately explain all the observed features.
One of the reasons for this situation is the above-mentioned de-
ficiency in the spatially resolved observations.
In this Letter, we present the first detailed imaging observa-
tions of DPBs in a broad frequency range made with the Low
Frequency Array (LOFAR). We do not aim to perform a com-
plete statistical analysis and instead highlight the main features
discovered.
2. Observations
A large cluster of DPBs and broadband type-III-like bursts was
recorded with the LOFAR (see van Haarlem et al. 2013) on 12
July 2017, 08:39:00 – 08:53:00 UT; the session duration was 14
minutes so that it covered only a part of the burst storm. The ra-
dio bursts were seemingly not associated with any other activity:
no X-ray or optical flares were detected during the mentioned
period or immediately before it.
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Fig. 1. Dynamic spectrum of solar radio emission recorded with LOFAR on 12 July 2017 in relative units (the radio flux normalized by the average
flux in a given frequency channel).
The observations were made in the low-frequency band
(30− 70 MHz) using the LOFAR core stations. The imaging ca-
pabilities were achieved using the beam-formed mode when the
data from the LOFAR antennae are combined to form tied-array
beams covering an area of the sky; the beam size is of about 10′
at 32 MHz. The used configuration included 217 beams with
a mosaic beam spacing of about 6′ to ensure partial overlap-
ping (Kontar et al. 2017); the radio fluxes were analyzedwith the
time and frequency resolutions of 0.1 s and 12 kHz, respectively
(in the below examples, the data were sampled to the frequency
resolution of 195 kHz). Unfortunately, the LOFAR polarization
measurements were unavailable for this event.
2.1. Dynamic spectra
The total (spatially unresolved) dynamic spectra (Figure 1) are
obtained by summing the LOFAR data over all beams. Figure
1 shows an example of the spatially integrated dynamic radio
spectrum containing a number of fine structures. Drift pair bursts
with both positive and negative frequency drifts can be seen; the
bursts with opposite drift signs can occur at the same times and
frequencies and sometimes even intersect each other. Some of
the DPBs appear superimposed on broadband drifting structures
similar to type III bursts.
Figure 2a shows an enlarged fragment of dynamic spectrum
with one DPB. This example demonstrates typical features of
DPBs: the emission stripes are strictly parallel and appear shifted
in time (by ∼ 1.5 s); the stripes themselves are short (∼ 0.7 s)
and narrowband (∼ 1.5 MHz).
All observed DPBs appear qualitatively similar, although
their parameters may vary: for example, the frequency drift rates
vary in the range of ∼ 1.5 − 6 MHz s−1; the drift rates increase
with frequency. Assuming the plasma emission and the Newkirk
(1961) coronal density model, we estimate the corresponding ex-
citer speed as ∼ 20 000 − 25 000 km s−1 – a conclusion that is
not supported by imaging observations (see below). The delays
between the components of a pair are of about 1−2 s. The DPBs
with positive frequency drift are usually more diffuse (i.e., have
a larger instantaneous bandwidth and a longer duration at a fixed
frequency) than the bursts with negative frequency drift. Some-
times, bursts with three or more parallel stripes are observed, but
these could be formed due to alignment and/or overlapping of
simpler bursts.
The broadband bursts have durations (at a fixed frequency) of
about 2− 5 s and the negative frequency drift rates varying from
∼ 5 to ∼ 30 MHz s−1 in the frequency range of 30 − 70 MHz.
We note that the drift rates at lower frequencies decrease faster
than what is implied by the empirical relations obtained for the
typical type III bursts (e.g., Alvarez & Haddock 1973), meaning
that the broadband bursts in the considered event look more like
J-bursts or hockey sticks in the dynamic spectrum (Figure 1).
2.2. Dynamics of the emission sources
To determine the source size and position, we fitted the LO-
FAR data at each time and frequency by an elliptical Gaussian;
the resulting source centroid position can be determined with
an accuracy much better than the instrument beam width (see,
e.g., Kontar et al. 2017). Typical temporal evolution of the DPB
source parameters at a single frequency is shown in Figure 2b.
We believe that the observed variations are related mainly to
switching between the DPB sources and the background emis-
sion sources (whose parameters are less reliably determined).
Figures 3–5 show the spatial evolution of the source cen-
troids in time (t) and frequency ( f ); namely, the centroid coor-
dinates follow the “axial lines” of the bursts determined as poly-
nomial fits to the dependencies of log f versus t describing the
frequency drift of the bursts. In particular, Figure 3 shows the
analysis results for a typical DPB with negative frequency drift,
with the dynamic spectrum in Figure 3a. Figure 3b shows the
centroid locations of the emission sources at different times (two
components of the drift pair are shown by different symbols, and
the times are color-coded). The centroids exhibit an evident mo-
tion in the southeast direction. The sources of both components
of the drift pair propagate in the same direction along nearly the
same trajectory, although with a certain delay (∼ 0.5 − 1 s), as
indicated by the time labels. Figure 3c shows the visible source
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Fig. 2. Top: Enlarged fragment of dynamic spectrum with one DPB
from Figure 1. Bottom: Time profiles of the emission source parameters
at a single frequency (32MHz); black curve shows variations of the total
intensity (units are not shown).
speed (estimated using linear fits over 15 consecutive points);
this speed varies from ∼ 20 000 to ∼ 40 000 km s−1.
Figure 4 shows the similar analysis for a DPB with positive
frequency drift. Again, the sources of both components of the
drift pair propagate in the same direction along nearly the same
trajectories with a delay of ∼ 1 − 1.5 s (Figure 4b). On the other
hand, the source trajectories are now somewhat more compli-
cated: although the sources move predominantly in the north-
west direction (i.e., opposite to that for the negatively drifting
burst), one can see more complex motions with direction rever-
sals at the beginning and the end of the emission stripes. These
features are likely related to the projection effects: even if the
actual three-dimensional trajectory of the emission source is di-
rected steadily downwards, its projection on the image plane can
exhibit loops and reversals. For the same reason, the visible (pro-
jected) source velocity varies in a broad range – from very low
absolute values up to ∼ 180 000 km s−1 (Figure 4c), which is
among the fastest motions detected in the considered event and
much higher than the speed inferred from the frequency drift
rate. Such high speeds are likely to be associated with apparent
motion of the scattered image rather than the actual motion of
the emitter (cf. Kontar et al. 2017; Sharykin et al. 2018).
Finally, Figure 5 shows the spatial evolution of the source
of a broadband drifting burst1, which proved to be qualitatively
1 The analysis was restricted to the frequencies below 50 MHz.
similar to that of the DPBs. Namely, the emission source moves
in an approximately southeast direction; the source velocity in
the image plane is of about 50 000 km s−1. This velocity is again
consistent with radio-wave scattering.
In Figure 6, the centroid locations of the emission sources of
the three above-mentioned bursts are plotted in one image. The
sources of the DPBs with the positive and negative frequency
drifts coincide spatially (where their frequency ranges overlap).
The broadband J-like burst originates from the same region; a
similar conclusion was made earlier by Suzuki & Gary (1979).
The radio emission sources demonstrate a possible association
with a coronal hole and an active region and therefore the emis-
sion may be related either to processes in the hole or to inter-
action between the hole and the nearby active region. We note,
however, that absolute position of solar radio sources is less con-
strained because it can be affected by the ionosphere (see, e.g.
Gordovskyy et al. 2019). The source height above photosphere
is about 3/4R⊙ assuming plasma emission, and therefore the pro-
jection effect is an additional complicating factor.
Analysis of other radio bursts in the considered event has re-
vealed qualitatively similar features. The source centroid trajec-
tories can be rather complicated (including self-intersections);
this behavior was observed in both the DPBs and the broadband
J-like bursts. Despite the complex motion, the emission sources
of the components of the same DPBs propagate in the same di-
rection along nearly the same trajectories (with the deviations
not exceeding a few tens of arcseconds). The bursts occurring at
similar times and frequencies (including both the DPBs with op-
posite frequency drifts and the broadband bursts) originate from
the same regions. The visible source velocities of the DPBs vary
from about 20 000 to & 100 000 km s−1.
2.3. Emission source sizes
Figure 7 shows the (visible) areas of the emission sources of
two DPBs and one broadband burst (the same as in Figures 3–5)
estimated using the Gaussian fitting. The source areas decrease
with frequency approximately as ∝ f −2, from ∼ 250 arcmin2 at
30 MHz to ∼ 80 arcmin2 at 50 MHz; they slightly exceed (by a
factor of ∼ 1.5 − 2.3) the instrument beam area. Notably, both
the DPBs and the broadband J-like bursts have nearly the same
source sizes.
The above result is intriguing because the emission sources
of type III bursts at the considered frequencies are much larger,
being of ∼ 450 arcmin2 at 32 MHz (Kontar et al. 2017) and
∼ 320 arcmin2 at 43 MHz (Dulk & Suzuki 1980). On the
other hand, our observations agree with the earlier results of
Suzuki & Gary (1979), who found that the sources of the DPBs
and the associated broadband bursts have the same size (∼ 120−
160 arcmin2 at 43 MHz), and that the broadband bursts associ-
ated with DPBs have considerably smaller sources than those of
the typical type III bursts (e.g., Dulk & Suzuki 1980).
3. Discussion
Roberts (1958) attributed the formation of the DPBs to the ra-
dio echo effect. This model was later rejected on the basis that it
predicts a significant difference in the visible source locations of
the first (direct) and the second (reflected) components of a drift
pair, which is not actually observed (e.g., Suzuki & Gary 1979).
Our observations show for the first time that the source loca-
tions of the pair components have similar motions and size vari-
ations at a given frequency. From the peak to decay, the sources
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Fig. 3. Characteristics of a typical DPB with negative frequency drift. a) Dynamic spectrum (with approximate axial lines of the drifting com-
ponents). b) Centroid locations of the emission sources at different times along the burst components (colors from red to violet correspond to
increasing time); the times corresponding to nearby locations of the sources of different components highlight the delay between the components.
The cross in the upper-right corner shows average error bars of the centroid locations (at 1σ level). c) Source speed (in the image plane) estimated
using linear fits over 15 consecutive points.
Fig. 4. Same as in Figure 3, but for a DPB with positive frequency drift.
Fig. 5. Same as in Figure 3, but for a broadband J-like burst.
of both components increase in size and show radial motion in
time in a repeatingmanner. A similar pattern (but without pairing
component) is observed in type IIIb bursts (Kontar et al. 2017).
The additional unique observational aspect is that the speed of
the source locations can greatly exceed the speed of the exciter
as determined from the dynamic spectra, which further empha-
sizes the importance of radio-scattering effects. The similarity
of source motions and size expansions suggest the dominance
of radio propagation effects. Thus, since the scattering of ra-
dio waves changes the apparent source positions, both compo-
nents will be located at the distance of the last-scattering sur-
face (Kontar et al. 2019) rather than near the emission and reflec-
tion locations. Therefore, we conclude (contrary to the previous
works by Roberts 1958; Suzuki & Gary 1979) that despite the
similar positions of the components, the drift pairs are consistent
with scattering. Since the scattering will also be present for radio
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Fig. 6. Centroid locations of the emission sources of three selected
emission features (same as in Figures 3–5) overplotted on the SDOAIA
211 Å image. Contours of the radio intensity maps (corresponding to the
frequency of 38 MHz) at half-maximum level are also shown.
Fig. 7. Estimated areas of the emission sources of three selected emis-
sion features (same as in Figures 3–5) at half-maximum level. The LO-
FAR beam area is plotted by the dashed line.
waves propagating downwards, the delay will be a function of
scattering. Therefore, since the propagation (scattering) effects
seem to be a dominant factor determining the visible source lo-
cation at metric wavelengths, we believe that turbulent-scattering
echo is a likely scenario and requires further investigation.
Moller-Pedersen et al. (1978) proposed the model in which
the components of a DPB are generated by two magnetohydro-
dynamic shocks propagating (with some relative delay) in oppo-
site directions from the axis of a coronal streamer; the similarity
of the pair components was explained by the highly symmet-
ric structure of a streamer. However, this model implies that the
sources of the pair components should propagate in opposite di-
rections, while in our observations they always propagate in the
same direction.
Zaitsev & Levin (1978) proposed the model based on the
double plasma resonance (DPR) effect (similar to the commonly
accepted model for zebra patterns). However, in this model the
pair components should be shifted in frequency rather than in
time; also, there should be a certain systematic shift between the
source locations of the pair components at the same frequency.
The latter prediction is not ruled out by our observations be-
cause the expected shift can be relatively small, and the observa-
tions are affected by projection effects. Nevertheless, this model
would require a very specific configuration of magnetic field and
plasma, with the DPR levels running in parallel for & 2×105 km
(the observed length of the source paths) and an emitting agent
propagating with a velocity of up to ∼ 105 km s−1 along these
levels, which exceeds the drift-rate speed of ∼ 104 km/s.
In summary, the first imaging spectroscopy observations do
not support counter-propagating shocks or models with pure fre-
quency shift of the components. The key factors for identifying
the formation mechanism of DPBs are likely to be parallel mo-
tion of the component sources, shift in time rather than in fre-
quency, nearly identical time variation of size and position for
two components at a single frequency, and fast motion of their
apparent sources. The latter two factors are reminiscent of the
fundamental type IIIb sources (Kontar et al. 2017), where scat-
tering of the waves on plasma turbulence increases the visible
source size and is responsible for high apparent source veloci-
ties (Sharykin et al. 2018). Besides affecting the apparent source
size and position, anisotropic scattering would make the emis-
sion time profiles similar for both components, thus contribut-
ing to the formation of the characteristic dynamic spectra of the
DPBs. A likely interpretation is therefore that the DPBs are pro-
duced at fundamental plasma frequency while their delayed sec-
ond component is due to scattering in turbulent media, probably
with higher anisotropy than in the type III source regions, which
produces a less diffuse echo (Kontar et al. 2019). Anisotropic
scattering implies that the probability of detecting a DPB should
be dependent on the viewing angle.
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